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FOREWORD 

This report is divided into three volumes. Volume 1 is the body of the report. 
Volume 2 contains Appendices A through I, and Volume 3 contains Appendices 
J through L. 
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APPENDIX J 

DESIGN VERIFICATION TEST RESULTS 


This appendix presents Delco document EE-22T-EMA-021 which covers the 
design verification tests which were conducted on the electromechanical 
actuator, , 
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APPROVED: 


INTRODUCTION 

A number of tests have been conducted on the ElectroTnechanical Actuator 
CEMA) to determine its performance characteristics. In most instances, 
the tests were performed to compare the actual performance of the E?!A 
against the design goals of the NASA Statement of Work (SOW) • Unless 
otherwise noted, all paragraphs referenced in the following pages are 
those of the NASA SOW, 


The following paragraphs summai-ice the testing activities, discussing 
briefly the methods »jsed to conduct the tests, the test data which were 
obtained, and a comparison of achieved performance against design goals. 


INSTRW1ENT DESCRIPTION 

Data recording during these Design Verification Tests (OVT) was accomplished 
using the following equipment : 

HP 7404A Four Channel Recorder 

Weston 1410 Frequency Response Analyzer 

Tektronix 7605 Four Trace Oscilloscope 

Fluke SG40A Digital Voltmeter 

Fluke 8600A Digital Ntultimeter 

Lebow 122S-2K Torque Transducer 

Gould SC1105 Bridge .Amplifier 

Precision Digital 701FJ Temperature Readout 

Lebow 1604-200 Torque Transducer with Tachometer Pickup 

Yew 2385 -lb w/2805 Electronic Wattmeter 

T 5 M W-4-001 Gurrent Viewing Resistor 

Pearson 1 10 Wideband Current Transformer 
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TEST 3. 3.4.1 — OUTPUT STROKE 


The output stroke was determined by using a dc input command to the EMA,. The 
command voltage was varied to drive the EMA from full travel in one direction 
to full travel in the opposite direction. The EMA output motion was determined 
to be 13-2/3 revolutions. Since the planetary gear reducer has a gear ratio 
of 238.71:1, the load motion is (13.67 x 360)/238.71 * 20.6 degrees. If the 
position offset adjustments are made to allow equal motion in either direction, 
this would result in the load motion being limited to about +^10.3 degrees. 

This range can be changed easily by changing scaling components in the low 
level control circuits of the EMA. 
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TEST 3. 3.4.2 — OUTPUT VELOCITY 

The maximum output velocity of the EMA under no-load conditions was determined 
using a squarewave input command of ^3 degree amplitude. Strip chart records 
of the input command, output motion, and tachometer outputs of the two active 
channels are shown in Figure ^ for a typical test. From these records it was 
determined that the maximum velocity of the EMA was 22.7 degrees/second. 
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TEST 3. 3.4. 3 — OUTPUT TORQUE 

Tliis test was conducted with the load spring connected and thermocouples 
mounted on the case of the motors. The first test condition was run with an 
8 degree deflection and a 1 degree peak-to-peak 2.5 Hz sinusoidal excitation. 
The motor temperature at the beginning was 20.56 degree C and after 26 minutes 
had risen to 44.44 degree C. (This temperature rise was well within the design 
limits.) The second test condition involved a 6 degree deflection with a 
4 degree peak-to-peak 1 Hz sinusoidal excitation. Beginning motor temperature 
was 21.11 degree C and after 5.5 minutes had risen to 33.3 degree C. The third 
test condition was also run with a 6 de g ree deflection but with a 1.27 Hz 
sinusoidal peak-to-peak excitation of 4 degrees. After running for 1.5 minutes 
the temperature had risen from 21.11 degree C to 24.44°C. 

With regard to peak power represented by these tests the three test conditions 
were conducted at different operating points and hence different peak power. 

The peak power calculation for the first condition is: 

P » T9 
T « K9 

9 a 0 + A sin wt 

9 a Aw cos 

P a K (9 + A sin wt) (Aw cos wt) 

o 2 

P a (X0^ Aw) cos wt + KA w sin 2 wt 

2 

Parameters for condition I: 

K a 15009.8 in- lbs 
deg 

A a 1 deg 
w a 15.708 rad/sec 
9^ a 8 deg 

Pj a 4.988 cos wt + 0.3116 sin 2 wt 
Pj a 5.03 hp (peak) 


SBO 1078 Rev 574 






SHEET 

REV 

1^^ Deico Electronics 

General Motors Corpr -auon 

EE- 



Santa Barbara Operations 

22-T-EMA-021 

6 


6767 Hoiiister Avenue 
Goieta. California 9301 7 

ENGIIMEERING EXHIBIT 


Parameters for condition II ; 

K = 15009.8 in- lbs 
deg 

A ® 4 deg 

w = 6.2832 rad/sec 

0=6 deg 
o • 

Pjj = 5.985 cos wt + 3.9897 sin 2 wt 

Pjj =■ 6.95 hp Cpeak) 

Parameters for condition III: 

K = 15009.8 in- lbs 
deg 

A a 4 deg 
w a 7.98 rad/sec 
0^ a 6 deg 

Pjjj a 7.6 cos wt + 5,067 sin 2 wt 
Pjjj a 11 hp (peak) 
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TEST 3. 3.4.4 — DISPLACEMENT LINEARITY 

The displacement linearity tests w>ire conducted using a dc input command to 
the EMA. The EMA output shaft was commanded to rotate in steps of one re- 
volution, from maximum deflection in one direction to maximum deflection in 
the opposite direction. The output rotation was controlled to line up a mark 
on the EMA output shaft with a datum point. It is estimated that this was 
accomplished with an accuracy of about ^ 5°. Since the planetary gear reducer 
has a ratio of 238.71:1, one revolution of the EMA output shaft corresponds to 
a load deflection of 360 /2 38.71 • l.S'^R degrees. The estimated accurao' of 
^ 5° in aligning the EMA output shaft would represent about ^ 0.02 deg at the 
load. At each revolution, readings were taken of the command voltage, each of 
the four EMA otitput potentiometers (read out at the buffer amplifier outputs, 
A22-7) , and the load deflection output voltage (at the DE amplifier, G2-7). 

The voltage readings were taken with a digital voltmeter. The measurements 
are summarized in Table 1 . Figure 2 is a plot of the measured output of 
the EMA position feedback amolifier (DE) as a function of the EMA output shaft 
motion. It is evident that this voltage is a very linear function of the output 
motion. To check the linearity of the output voltage against the input command, 
calculations were made (see Table 2 ) by placing a straight line through the 

coordinates of the points recorded for the first and 13th revolutions of the 
EMA output shaft. From the table it can be seen that the greatest deviation 
was 0.066 Volts. Since the scaling is such that 1 Volt corresponds to 1 degree 
of load motion, this deviation would correspond to 0.066 degrees at the load. 

The deviation expressed in percentage of full travel (53®) is therefore 
(0.066 X 100) /SS » 0.12% 

Since the design goal for linearity is 1%, the EMA is well within the desired 
linearity. It should be noted that a more sophisticated method for fitting the 
straight line to the data (such as a least squares fit) would result in a re- 
duced deviation measurement. As a matter of interest, similar calculations 
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input 

VOLTAGE 


OUTPUT VOLTA(«S 



EMA SIIAFl' 
REVOLiniONS 

POT A 

POT B 

POT C 

POT D 

DE 

^10.060 

10.743 

10.108 

10.785 

10.612 

10.523 

Man 

[ ccw 

8.S56 

9.219 

8.558 

9.304 

9.163 

9.017 

1 

rev 

7.057 

7.717 

7.052 

7.838 

7.643 

7.524 

2 

rev 

5.534 

6.190 

5.557 

6.343 

6.076 

6.006 

3 

rev 

4.074 

4.702 

4.133 

4.904 

4.594 

4.553 

4 

rev 

2.556 

3.112 

2.578 

3.375 

3.082 

3.011 

5 

rev 

1.037 

1.576 

1.070 

1.854 

1.563 

1.496 

6 

rev 

0.004 

0.594 

0.130 

0.891 

0.612 

0.541 


3/4 rev 

-0.436 

0.044 

-0.362 

0.414 

0.125 

0.040 

7 

rev 

-1.954 

-1.535 

-1.898 

-1.056 

-1.386 

-1.473 

8 

rev 

-3.492 

-3.026 

-3.372 

-2.507 

-2.791 

-2.918 

9 

rev 

-5.019 

-4.625 

-4.931 

-4.090 

-4.371 

-4.493 

10 

rev 

-6.529 

-6.151 

-6.472 

-5.673 

-5.898 

-6.035 

11 

rev 

-8.027 

-7.608 

-7.880 

-7.114 

-7.347 

-7.466 

12 

rev 

-9.525 

-9.189 

-9.367 

-8.605 

-8.907 

-8.994 

13 

rev 

-10.527 

-10.232 

-10.407 

-9.613 

-10.504 

-10.501 

13-2/3 rev 



TABLE 1 . KMA INPUT AND OWFUT VOLTAGES AS A FUNH ION 

OF EMA oirrpirr siiafp rotation 
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were conducted for each of the output potentiometers. These are summarized 
in Tables 3 through 6 . Calculations were also made to determine the 

maximum deviation from the straight line fitted to the data for each of these 
outputs. Table 7 summarizes these calculations and also presents the average 
deviation and the RMS deviation for each of the outputs . Pot C had the largest 
maximum deviation (0.22% of full travel) and also had the largest average 
deviation (0.048% of full travel). However, Pot D had the largest RMS deviation 
(0.103% of full travel). 

A linear regression method was also used to establish a straight line to fit 
the data of Table 2. The least squares fitting provided a slight improvement in 
the deviations for DE. A comparison with the data of Table 7 showed that the 
maximum deviation went from 0.12% to 0.11%, the average deviation was reduced 
from 0.0002% to 0.000%, and the RMS deviation changed from 0.054% to 0.053%. 
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INPUT 

VOLTAGE 

X 

STRAiorr 

LINE 

ORDINATE 

Y 

MEASURED 

OUTPUT 

DE 

DEVIATION 

8.SS6 

9.017 

9.017 

0.000 

7.0S7 

7.524 

7.524 

0.000 

S.S34 

6.007 

6.006 

0.001 

4.074 

4.552 

4.553 

-0.001 

2.5S6 

3.040 

3.011 

0.029 

1.037 

1.527 

1.496 

0.031 

O'. 004 

0.498 

0.541 

-0.043 

-0.436 

0.060 

0.040 

0.020 

-1.954 

-1.452 

-1.473 

0.021 

-3.492 

-2.984 

-2.918 

-0.066 

-5.019 

-4.505 

-4.493 

-0.012 

-6.529 

-6.010 

-6.053 

0.043 

-8.027 

-7.502 

-7.466 

-0.036 

-9.525 

-8.994 

-8.994 

0.000 


TABLE 2 . DEVIATION CALCULATIONS FOR DE 
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INPUT 

VOLTAGE 

X 

STRAIGHT 

LINE 

ORDINATE 

Y 

MEASURED 
OUTPUT 
POT A 

DEVIATION 

8.5S6 

9.219 

9.219 

0,000 

7,057 

7.693 

7.717 

-0.024 

5.534 

6.142 

6.190 

-0.048 

4.024 

4.656 

4.702 

-0.046: 

2.556 

3.110 

3.112 

-0.002 

1.037 

1.564 

1.576 

-0.012 

0.004- 

0.512 

0.594 

-0.082 

-0.436 

0.064 

0.044 

0,020 

-1.954 

-1.481 ^ 

-1.535 

0.054 

-3.492 

-3.047 

-3.026 

-0.021 

-5.019 

-4.602 

-4.625 

0.023 

-6.529. 

-6.139 

-6.151 

0.012 

-8.027 

-7.664 

-7.608 

-0.056 

-9.525 

-9.189 

-9.189 

0.000 


TABLE 3 . deviation CALCULATIONS FOR POT A 
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INPUT 

VOLTAGE 

X 

STRAIOrr 

LINE 

ORDINATE 

Y 

MEASURED 
OUTPUT 
POT B 

DEVIATION 

8.556 

8.558 

8.558 

0.000 

7.057 

7.072 

7.052 

0,020 

5.534 

5.562 

•5.557 

0.005 

4.074 

4.115 

4.133 

-0.018 

2.556 

2.610 

2.578 

0.032 

1.037 

1 . 104 

1.070 

0.034 

0.004 

0.080 

0.130 

-0.050 

-0.436. 

-0 . 356 

-0.362 

0.006 

-1.954 

-1.861 

-1.898 

0.037 

-3.492 

-3.386 

-3.372 

-0.014 

-5.019 

-4.900 

-4.931 

0.031 

-6.529 

-6.397 

-6.472 

0.075 

-8.027 

-7.882 

-7.880 

-0.002 

-9.525 

-9.367 

-9.367 

0.000 


TABLE ^ / DEVIATION CALCULATIONS FOR POT 
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INPUT 

VOLTAGE 

X 

STRjVJGHT 

LINE 

ORDINATE 

Y 

MEASURED 
OUTPUT 
POT C 

DEVIATION 

8.556 

9.304 

9.304 

O.OGO 

7.057 

7.819 

7.838 

-0.019 

5.534 

6.311 

6.343 

-0.032 

4.074 

4.865 

4.904 

-0.039 

2.556 

3.361 

3.375 

-0.014 

1.037 

j 1.857 

1.854 

0.003 

0.004 

0.833 

0.891 

-0.058 

-0.436 

0.398 

0.414 

-0.016 

-1.954 

-1.106 

: -1.056 

-0.050 

-3.492 

-2.629 

-2.507 

-0.122 

-5.019 

-4.142 

-4.090 

-0.052 

-6.529 

-5.638 

-5.673 

0.035 

-8.027 

-7.121 

-7.114 

-0.007 

-9.525 

-8.605 

-8.605 

0.000 


TABLE 5 . DEVIATION CALCULATIONS FOR POT C 
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INPUT 

VOLTAGE 

X 

STRAIGHT 

LINE 

ORDINATE 

Y 

MEASURED 
OUTPUT 
POT D 

DEVIATION 

3.556 

9. 163 

9.163 

0.000 

7.057 

: 7.665 

7.643 

0.022 

5.534 

6.143 

6.076 

0.067 

4.074 

4.684 

4.594 

0.090 

2.556 

3.167 

3.082 

0.085 

1.037 

1.649 

1.563 

0.086 

0.004 

. 0.616 

0.612 

0.004 

-0.436 

0.176 

0.125 

0.051 

-1.954 

-1.341 

-1.386 

0.045 

-3.492 

-2. 878 

-2.791 

-0.087 

-5.019 

-4.404 

-4.371 

-0.033 

-6.529 

-5.913 

-5.898 

-0.615 

-8.027 

-7.410 

-7.347 

-0.063 

-9.525 

-8.907 

-8.907 

0.000 


TABLE 6 . DEVIATION CALCULATIONS FOR POT D 
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MEASURED DEVIATIONS CIN PERCEOT OF FULL TRAVEL') 


OUTPUT 

MAXIMUM 

DEVIATION 

AVERAGE 

DEVIATION 

ROOT MEAN SQUARE 
DEVIATION 

POT A 

0.15% 

0.024% 

0.068% 

POT B 

0. 14% 

0.020% 

0.057% 

POT C 

0.22% 

0.048% 

0.081% 

POT D 

0.16% 

0.033% 

0.103% 

DE 

0.12% 

0.002% 

0.054% 


TABLE 7 . DEVIATIONS FROM STRAIGHT LINE 
THROUGH MEASURED END POINTS 
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TFST 3.3.4.S — THRESHOLD 

The threshold o£ the EMA was demonstrated to be less than 0.05% of full travel, 
using a 0.01 Hz sinusoidal input command with an amplitude of 0.0275 Volts 
(corresponding to 0.0275 degrees, or 0.5% of the system's 55 degree full 
travel) . A strip chart record showing the inpxit command and the output motion 
is given in Figure 3. From this record, output motion is clearly evident, 
demonstrating that the threshold is less than 0.05% of full travel. 

Additional runs were made with an input command amplitude of 0.00275 degrees 
(0.005% of full travel). All six channel combinations were tested. Three 
combinations (AB, AO, and CD) responded to the input and the other three did not. 
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3, 3.4.6 POSITION NULL 

EMA output position null is determined by setting all input commands to the 
four channels to zero and recording the output position. Table ® indicates 
that the inputs to each channel were driven to very nearly zero and the re- 
sulting offset was 0.0186 degrees. The requirement is for less than 0.275 
degrees. This requirement is easily met. The other requirement is that each 
offset adjust potentiometer be capable of driving the EMA output ^ 2.75 
degrees. Table 8 shows that each channel met this requirement. (Channel C 
was inoperative during this test as a result of switch failing shorted.) 

For the first part of the test all four channels were active. The remaining 
offset measurements were conducted with only one channel at a time activated 
to produce the EMA deflection. The active channel for each test has the offset 
voltage listed^ 
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POSITION OFFSET ADJUST 


CHANNEL 

CHANNEL 

CHANNEL 

CHANNEL 

EMA OUTPUT 

A 

B 

C 

D 

DE 

VOLTS 

VOLTS 

VOLTS 

VOLTS 

DEGREES 

-.0075 

+.0074 

+.0039 

-.0062 

+0.0186 

+12.144 




-3.129 

-12.095 




+3.149 


+12.145 



-3.018 


-12.098 



+3.037 




+12.136 

-3.062 




-12.088 

+3.090 


TABLE 3 POSITION NULL RESULTS 
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3. 3.4. 7 — HYSTERESIS 

The hysteresis plot was made on the oscilloscope with a single trace tiros 
exposed picture. 

Both the input and output to the EMA were filtered with a low pass (£ = 0.114 Hz) 
to eliminate signal noise. The input was a 0.01 Hz sinusoidal waveform with 
a 110 (0.11 degree) peak-to-peak amplitude. Channels B + D exhibited very 

little hysteresis (see Figure 4) whereas Channels C + D exhibited 8 mV 
(.008 degrees) of hysteresis. For all motor combinations the measured hysteresis 
for all combinations of channels fell comfortably below the limit of 27.5 mV 
(.0275 degrees). 
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3. 3.4. 8 CROSS-CHANNEL VELOCITY TRACKING 

All six combinations of motors were tested for their velocity tracking error. 

A triangular waveform of 10 degree command at 0.43 Hz Ci 17.4 deg/sec command 
rate) was used for excitation. Results of two of the motor combinations can 
be seen in Figure 5 . Velocity tracking requirements are that the error shall 
not exceed 3% of full velocity which is 0.7 deg/sec at the output or 290 rpm 
at the motor. 

From Figure 5 it can be seen that the velocity error has a large transient when 
the command waveform changes from motion in one direction to the opposite. With 
motors A and D ac tive, the positive velocity error just prior to the transient is 
(1 line) CO. 05 V/line)(4 deg/sec-V) = 0.2 deg/sec 
In terms of full velocity (23 deg/sec), this is an error of 
0.2 X 100/23 = 0.9% 

The negative velocity error is found to be 0.1 deg/sec, which corresponds to 
0.4% of full velocity. Channel combination AD is therefore well within the 3% 
velocity tracking error design goal. 

Similar calculations for the other channels gave the following results: 

Oiannel Velocity Tracking Errors 


Combination 

Positive 

Negative 

AB 

■t-3.0% 

-1.3% 

AC 

+1,3 

+0.4 

AD 

+0.9 

-0.4 

BC 

+2.6 

-2.6 

BD 

+2.6 

-2.2 

CD 

+0.4 

-0,4 
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3. 3.4.9 — FREQUENCY RESPONSE 

All six motor combinations were tested for their closed loop frequency 
response. Figures & and 7 represent a typical set of response curves. 

For convenience the gain and phase boundaries are plotted on the responses 
to show compliance with the SOW. The remaining 5 motor combinations also 
met these requirements and furthermore were nearly identical in performance. 
All six combinations tested exhibited between 8 and 9 Hz bandwidth C-|db) . 
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3.3.4.10 STEP RESPONSE 

Closed loop step responses were nm for all six motor combinations with four 
inputs of jk 2%, ^3%, and ^5% of full travel. Typical results of these tests 
are shown in Figures .8 through 11.. To aid in the interpretation the step 
response design goal boundaries are plotted over each EMA output response. 

With a 2% step input, the response Csee Figure 8) is within the design goal 
envelope, althou^ the maximum overshoot equals the. allowable value (25%) . 

For a 3% step input, the overshoot in the response slightly exceeds the design 
goal (30% overshoot vs the 25% design goal). 

With a 4% step input command, the response is essentially within the design 
goal envelope (the overshoot for this condition is about 27%) . For a 5% step 
input, the overshoot is about 22%, but the time required to reach 85% of the 
steady-state response exceeds the design goal by about 14%. 

These responses were- run with .the load spring connected. Similar results were 
obtained when the load spring was disconnected. 

For inputs of less than >0.5% FT, torque saturation is not present and the EMA 
response consistently meets design goals. 
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3.3.4.11 — MOTOR BRAKE 

The EMA output shaft was locked during this test. One at a time, each motor 
was operated at its full output torque to test the braking torque of the three 
remaining brakes. All four tachometer signals were recorded at high sensitivities 
to observe any slippage that might occur. Figures 12 and 13 show stripchart 
records of the data taken during these tests. During the first interval, channel A 
was active. The tachometer output from channel B showed no motion for positive 
torque, and a small spike showing a slight motion when negative torque was first 
comnanded. Channel C showed slight motion when negative torque was commanded 
from motor A, but no motion for positive torque. Channel D showed slight motion 
for both positive and negative torque commands. Even though the brakes appear 
to be operating effectively during this test, some backlash in the brake couplings 
apparently allows a very slight motion of the tachometer shafts for channels 
C and D, 

With channel B active, no motion was detected for channels A or C, but a slight 
tachometer output was found for channel D, indicating that its brake coupling 
may have sufficient backlash to allow a small amplitude motion. With channel C 
active, neither channel A nor B showed, any motion, but a sli^t movement was 
detected at channel D, With channel D active, no motion was detected for 
channels A or B, and channel c showed only a slight motion as channel D started 
producing negative torque. 

The data taken during these tests indicate that the brakes do not slip under 
static braking conditions (except for a small, momentary motion which occurred 
in some instances when a given torque was first applied). Channel D appears to 
have sufficient backlash in its brake coupling to allow a measurable tachometer 
output, and channel C also showed similar motion with channel A applying 
negative torque. 
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FIGURE 13 MOTOR BRAKE TEST 
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3.3,4.12 — CHATTER AND INSTABILITY 

During all DVT tests EMA operation was observed for any chatter and instability 
that exceeded O.OSS degrees peak-to-peak at the load arms. None was observed 
or recorded that came close to this limit. The EMA output motion can be 
seen in Figures 8 throu^ll' and no apparent dither or instability is present. 
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3.3.4.13 — VELOCITY GAIN TEST 

The velocity gain test was rxm with the EMA output blocked and the position 
loop opened. Results of the test are shown in Figure 14 . The reason for 

the negative slope is that a full current conmand had to be inputed so that 

the current command had the correct sign. This was necessary to operate 
the motor in the motoring mode. If just the tachometer signal were used 
for an input the plugging logic limited the current to the motor to 2S amps. 
Calculating the slope of the velocity gain curve yields a gain of 0.035 

amps/RPM. This value checks with the gains implemented in the system. 
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3.3.4.14 — TORQUE GAIN TEST 

The torque gain test was run with the EMA output shaft locked, and with the 
position, tachometer and velocity comparison loops open. The input command 
was the position command and readings taken were current command, motor 
current and EMA output torque. Figure IS depicts the results of this test. 
The calculated gain from the hardware comes to 425.5 Amps/deg which compares 
very well with the slope of the measured data. 
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OEL.CO ELECTRONICS OlViSION • SANTA BARSARA OPERATIONS • GENERAL MOTORS CORPORATION 


APPENDIX K 

POWER COMPONENT TESTS 


This appendix contains Delco document EE-22T-EMA-022 which covers the 
power components tests which were conducted to aid in selecting the 
power transistors for use in the single- channel power electronics 
breadboard. 
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INTRODUCTION 

This report siominaTizes the power transistor testing which was done, to select 
the best state-of-the-art devices for use in the single-channel power electronics 
breadboard. Since the EMA has a nominal 270 Vdc supply, and the idealized motor 
currents under rated load are 60A, 600 Hz waveforms fj^aving the characteristics ' 
shown in Figure 1] , the power transistors must have large voltage and current 
ratings. Moreover, the chopper transistors which pro-vdde ciirrent control 
should be capable of handling full motor currents while operating at 8 kHz with | 
ah. 80% on-time duty cycle. The switching' characteristics of candidate devices 
were therefore of major importance, in addition to the critical voltage and 
current rating requirements. 

The requirements and design goals for the various power transistor parameters 
are summarized in Table 1. The (SUSj requirement allows for reason- 
able variations in the nominal 270 Vdc supply voltage as well as transient peaks, j 

The peak collector current reqiiirement CIOOA) allows appreciable overshoot beyond 
the 60 A nominally reqxoired by the motor to develop full output power. 

A vendor survey was conducted in an attempt to find, suitable power transistors. 
Inquiries- were sent to the- .following: manufacturers : 

0 Ampower Semiconductor 
0 Deico Electronics 
0 Fairchild Semiconductor 
0 General Electric 

0 Kertron : 

0 Motorola Semiconductor 
0 Power Physics 
0 PowerTech 

0 RCA Solid State • J 

0 RSM Sensitron 
0 Semicoa 

0 Silicon Transistor 
0 Siliconix 
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requirement 

GOAL 

''CEO (SUS) 

AOGV 

425V 

k 

60A 

IdOA 

I(* PEAK 

lOOA 

150A 

beta at 60A 

10 AT V^c = IV 

15 

BETA AT lOOA 

7.5 AT V|-£ = 1,‘5V 

10 

% (SAT) 

IV AT Iq = 60A. Tg = 6A 

0.5V 


250W AT Tq = lOO^C 

300W 

RISE TIME 

0.8 MICROSECOND 

of:5 

STORAGE TIME 

5 MICROSECONDS 

5 

FALL TIME 

1.2 MICROSECONDS 

a.'8 

TABLE 1. POWER TRANSISTOR PARAMETER REQUIREMENTS 


AND GOALS 


i 
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0 Solid State Devices 
0 SolitTon Devices 
0 Texas Instruments 
0 Trans itron Electronic 
0 TRW Semiconductor 
0 WestinghOTise Electric 


TTie available data sheets for candidate transistors were examined, and it was 
determined that several devices had potentially acceptable characteristics. The 
devices which were selected for further test and evaluation were: 

0 Westinghouse developmental unit 17B-X 
(predecessor to type D60Ty 
0 RCA type J1S490 (transcalent device) 

0 PowerTech type PT-4S0o 
0 Deico type DTS-407S 

The tests which were conducted on the candidate transistors are sumraarited in 
the- following: paragraphs. 

TEST iMETHODS 

The power transistors were tested using the circuit shown in Figure 2. The 
basic load consists of a resistor, R^, and an inductor, L. The inductor is 
the same as that used as the current source in the EMA power converter. The 
snubber circuit which is shown in Figure 2 is one of a number of configurations 
that were evaluated during the tests. Alternate snubber configurations (as 
well as the one shown in Figure 2) are shown in Figures 3 through 6. 

During the initial evaluation- it was determined that the snubber configuration 
designated A6 was the most suitable of those considered. Tn the actual EMA 
power converter the transistors used in the inverter are series-connected. For 
this reason, the more complex snubbers shown in Figures 4 through 6 are not 
practical, even though each has certain advantages when considered for use 
with a single transistor. Since the battery provides a relatively stiff voltage 
source for the EMA power converter, snubber configuration A6 is the equivalent 
of a snubber network having 20 Ohms in series with 0.125 microfarad used as a 

snubber by each of the two series-connected transistors. 
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Figure 4. Snubber Config’iraiion BX 
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Microfarads 


Ohms 


SR2885 

SR2885 
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TTie tests which were conducted made use of the following instrumentation: 
0 Scope: Tektronix Model 7704A with plug-ins 

- 2 ea Model 7A18 

- 1 Model 7B71 

- 1 Model 7B70 

0 Multiplying Scope: Philips Model PM 3265 

0 Curve Tracer: Tektronix Model 576 with high cxirrent 

adapter Model 176 

0 Current Viewing Resistor: T§M Model W-4-001 (0-001 Ohm) 

0 DC to SO Mlz Current Probe : 

Tektronix Model P6042 


During the tests the supply voltage and load resistance were changed, several 
frequencies and duty cycles were used, and the transistors were operated at 
several case temperatures. The base drive circuit which was used in these tests 
is shown in Figure 7. This circuit provides excellent base drive characteristics 
The tum-on base-emitter voltage and current are well-controlled, as are the 
turn-off base-emitter conditions. Typical waveforms for tum-on are shown 
in Figure 8. Shortly after tum-on the base-emitter voltage reaches 3 V. The 
base current reaches a peak value of approximately 17 A in 2 microseconds, and 
eventxialiy settles at 9 A. As indicated in the lower portion of Figure 8, 
the transistor is quickly turned on with this drive system. 

Turn- off is also accomplished effectively by the base drive circuit. Typical 
waveforms during tiim-off are shown in Figure 9. Within 1 microsecond after 
tum-off is initiated, the reverse base current reaches 5. 5A. Tiie reverse 
base-emitter voltage eventually builds to 10 V as the transistor rapidly ttans 
off. After tum-off, the reverse base-emitter voltage stabilizes at 9 V. 

Both the tum-on and the tum-off drive conditions can be adjusted, as indicated 
in Figure 7. 

The base driver circuit also has provisions for an antisaturation clamp. 

Figure 10 is a simplified scheraatic of the circuit used* The anti saturation 
clamp prevents the power transistor from being fully saturated during on 
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Figure 10. Power Transistor with .Antisaturation Clamp 
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conditions by forcing excess base drive current to flow through the collector 

of the transistor which is being driven. In Figure 10, if the base drive 

current is large, 

V = V + 2 V = V 
^CE BE D2 D1 


With typical operating conditions, the base-emitter voltage and the diode 
drops are on the order of 1 Volt each. The typical collector-emitter voltage 
is therefore 


V(,p * 1.0 ♦ 2(1.0) - 1.0 * 2.0 V 

If the load current is 60A and the base current overdrive is 10 A, the 
collector-emitter power dissipation during the interval when the power 
transistor is on would be Pp = (60 ••• 10) (2.0) * 140 W 

TTie antisaturation clamp reduces the switching losses and reduces the storage 
time of the transistor which is being driven. If transistors must be paralleled, 
the antisaturation clamp is highly desirable. However, with fast power 
transistors which do not require paralleling, the slightly reduced switching 
losses and improvements in storage times do not .compensate for the added 
steady-state losses during the transistor's on state. For this reason, unless 
otherwise noted, the transistor tests were conducted without the use of the 
antisaturation clamp. 


test results 

A large number of tests were conducted during this evaluation. Test results 
are presented in the following discussion for high power conditions, although 
a large number of tests were also made at lower voltage and current levels. 

The Del CO transistors which were tested would require parallelling in order to 
handle the required EMA currents. Therefore, evert though test data were 
taken on the Delco DTS-4075 devices, they were not considered to be as sxiitable 
as the other three types of transistors. The collector-emitter and base- 
emitter characteristics of the test transistors (as obtained on a transistor 
curve-tracer) are given in .Appendix A. The devices shown are: 

0 Power Tech type PT4S03, unit no. 2 
0 RCA type J1S490, unit no. 37 

0 Westinghbuse developmental device, unit no. 17B-6 
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Test conditions for the transitor tests are summarized in Table 2. The photo 
identification number is referenced for each run, the switching condition 
(tum-on or tum-off) is noted, the collector-emitter voltage and the collector 
current are tabulated, the time scale used in the display is listed, the 
transistor case temperature is recorded (RT indicated approximately room 
temperature condition), the manufacturer's code is indicated (We for 
Westinghouse and PT for Power Tech) . Where instantaneous power readings were 
taken, the maximum dissipation recorded during the run is also given in Table 2 . 

The data sheets presented in Appendix B are largely self-explanatory. Unless 
otherwise noted, the device was operating near room temperatxire. The notation 
is conventional, with indicating the collector dissipation (Watts). 
indicates the base current during tum-on, and 1^2 tum-off base 

current . 

TEST DATA SUMMARY 

For convenience, some of the more important data obtained during the tests 
are summarized in .Appendix C. The data summary sheets identify the device 
and test conditions and record both tum-on and tum-off results. Table 5 
abstracts some of the more important data from Appendix C. 

The first four lines in Table 3 STimmarize data taken at an operating frequency 
of 4 kHz. The last 2 lines show data taken at 8 kHz. In general, all three 
of the transistors tested have excellent characteristics. The RCA device had 
superb tum-off characteristics and low average losses. However, it did not 
have as much current-handling capability as either the Power Tech or Westing- 
house transistors. Both Power Tech and Westinghouse devices provided adequate 
current and voltage margins, but the Westinghouse unit had somewhat lower 
losses than the Power Tech unit. Although either type could have been used 
for the single-channel power electronics breadboard, the Westinghouse D60T 
power transistor was selected, since it is an improved version of the Westinghouse 
17B-6, tailored to applications such as the EMA power converter. Data sheets 
for the Westinghouse D60T and D62T power transistors are provided in Appendix 
D, as are data sheets for other power transistors. 
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APPENDIX A 
CURVE TRACER DATA 


This appendix presents data taken on the candidate- power transistors using a 
Tektronix Model S76 Curve Tracer with a Model 176 High Current Adapter. 
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This appendix presents waveform photographs of the candidate power transistors 
taken under various tum-on and turn-off conditions . 
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NPN SWITCHING 200 amps peak 

nni.irn 50 AMPSGAIN RATING 

D60i& 062T POWER TRANSISTOR 



KAXlamn ?icin^< 


Collsctor Currtnc (p«*k) : 200 Kmpmrmm 

Collftctar Cutr«nc (csaciAuous) : LOO ^jnp«r«a 

Saft* CurrtAC (continuous)! 20 Afliports 
po^r OlsslpACiofi: 325 Vsces 

4ft tc • 73 *C 

O^rafting and Sftorago Tattparaturo: -SO^C co 

♦200 *C 


plications 


* High ?raquaney Icvartars 

* itocor Controls 

* Switfthlnf Rcfuiators 

* TL? Transoi etari 



Trlola Diffused ^tslgn 
CBS Construction 
CSo Soldar Joints) 

525 Watt Povor 
Capability 


Ordering Cnfomacion • Obeala opc^AOB iavica ?arfomanea 
for your appLicaftion by folacclag proper ordar code. 


Voltage 


'^C3J ; 

(STJST 


(Stud) 


(W*«) I 


# 


Bxanpla 

Obtain opeiauB ie^fica rorfonaanea for your 
application by salacti.ig proper Order ^de. 



The above number iascrlbem a acud aounc translator 
rated at 400 volts, vith a |sin of 10 at 30 aoperas. 


^ OF POOR j 


PRSLIMINAAY 3ATA OCTOBER 1977 


POWER TRANSISTOR 
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and Devtcas 


?/2y:scss3Ri 

iymvoiffpmoniMi 7yp« 
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10<J Aniperr?j ?uiw Co'i^ctor Current Writing 
750 Vnin Coilectof Vou^iige Sr^^kover Raiirvj 
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• int»ara( amgnvngrr 
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Figure 1 • Safe Operating Area (Obiective) 


Operating Considerations 
(Mounting 

An air duct of nsulating material conforming closely to 
the cross section of tne cooling fins should be used to direct 
the cooling air through the fins. Mount the P95200E54 
at the output of this duct with one end secured to a fixed 
bulk head, bus-oar plate. The other end should be connected 
Ov a flexible ead ana lug or adjustable .nsulated •erminal 
adequate for the rated current. The face of the lug is 
fastened igamst the end of the heat o«pe. The stud should 
not oe used to carrv current. 


Although sturdy, these devices can be damaged if the nuts 
fastening the leads to the unit are torqued through the 
body of the device. stud should be held stationary 
with an 'Allan" wrench while tightening the nut. 

Warning — Personal Safety Precautions 

Electrical Shock - Operating voltages applied to this 
device present a shock hazard. Appropriate precautions 
I Sho uld be taken. 

For further information on Silicon Rectifiers request 
Technical Sookiet SCI 6 from RCA Solid State. Sox 3200. 
Somerville. ^4J 08876. 
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Figure 2 — Typical Gem at V^H *57 
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Figure 3 — Outline 
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DS 


Turn-Off Tlm«: 


Storage time 

«s 

(tVD.) 

2.0 

usee 

Pall time 


Itvp.l 

0.8 

Msec 

Thermal Resistance: 





With natural convection cooimg 
(Case >s defined as oase of finsi. .... 

. ... (ivp.) 

0.2 

OC/W 

Wiin 510 LPM forced a»r 
Weignt 


. . . . Ityp.) 

0.4 

oevv 

02 



30 

Altitude^ 


max.) 50.000 

ft 



Ptgure 1 - Safe Operating Area (Obiective) 


Operating Considerations 
Mounting 

An air duct of tnsulaiinq material conforming closely to 
the cross section of the cooling fins should be used to direct 
the cooling air through the fins. Mount the P95200EE4 
at the output of this dua v*/ith one end secured to a fixed 
bulk head, bus-bar plate. The other end should be connected 
Dv a flexible lead and lug or adjusraoie insulated terminal 
adequate for the rated current. The face of the lug is 
fastened ^gamst the end of the heat pipe. The stud should 
not be used to carry current. 


Although sturdy, these devices can be damaged if the nuts 
fastening the leads to the unit are torgued through the 
body of the device. The stud should be held stationary 
with an Allen * wrench while tightening the nut. 


I Warning — Personal Safety Precautions , 

j Electrical Shock * Operating voltages applied to this 
I device oresent a shock hazard. Appropriate precautions ^ 
I should be taxen. 


For further information on Silicon Rectifiers request 
Technical SooKlet SCI 6 from RCA Solid State. Sox 3200, 
Somerville, NJ 08876. 



Figure 2 — Typical Gain at Vc£ • 5 V 
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“BlGIOtASIN EE-22T-EMA-022 



iiO AMPERES 

PT-4502 

PT-4503 


HIGH VOLTAGE SILICON NPN TPANSISTOR 


ABSOLUTE MAXIMUM RATINGS 

TYPE PT- 

4502 PT-4503 

Collector-3ase Voltage, V^ 3 q 

400V 


450V 

Collector-Emitter Voltage. Vq£q 

325V 


400V 

Smitter-aase Voltage. V^gQ 


10V 


®eaK Collector Current, 


110A 


O.C. Collector Current, Iq 


60A 


^ower Dissipation 25* C Case Temperature, 


350W 


Power Dissipation at 100*C Case Temperature. Pq 


200W 


Operating Junction temperature Range, Tj 


-65 to 200*C 


Storage Temperature Range, 


-65 to 20G*C 


®acKage: 


ra-ti4 


TTiermaJ ResistanceB ^ 
JC 


0.5* c/w 



cLcCTPiCAL SPECIFICATlONt (at 2S*0 unless ottierwise notedV 




LIMITS 

■J 

TEST 

CONDITIONS : 

i 

test 


PT-4502 

PT-450S 

1 

r 

SYMBOL 

MIN. 

MAX. 

Mlf4. 

MAX. 

O.C. Current Gam* 


10 


10 



1 ^*60A, V 

D C. Current Gain* 


5 


5 



1 0*1 10A. V(2£ »5V^ 

Collector Saturation Voltage* 

'^CE(sat) 


a75 


0.7S 

V 

rQ»60A. |0*6A 

Base Emitter Voltage* 

'^3E 


T.75 


1.75 

V 

1 c^60A. V cE*5V , 

Col-cm. 3reakoown Voltage* 

^CEO (sus). 

325 


400 


V 

1 Q*200mA. 1 g*0 1 

Collector Cuiotf Currem 

•cao 


2 

— 

— 

mA 

V c3*400V. 1 £3*01 

; Collector Cutoff Current 

o 

CO 

o 

— 

— 


2 

mA 

V r eb*Q> 

Col. Cutoff Current @ 150*C | 

•cao 


20 


20 

mA ‘ 

V C8*250V. f SB^OI 

Emitter Cutoff Current 

in 

Ul 

O 


5 


5 : 

mA 1 

V S3*‘*0V, 1 C8*0 

Gam BanOwith Product (Typ. 


10 


; 10 


MHz 

1 q^5A. V CE*10V . 

! Collector Capacitance 

CoPo 


1 400 

! 

1 

1 ' 

400 

of. ; 

1 1 

1 1 

V Qg*lOV.f*1 MHzi 

Switching Speed (Typ.) 

t r 

i 

1 

1 1 

I .5 

M.S 

;Iq*30A,Vqq*150V: 

1 



' 1.2 

1 ! 

1.2 


! « B|-« 32"^ 

• 

tf 

i 

! -5 

1 

i 

I .5 

1 

^ i 

1 


' ^ 3C0 as, O.C. ^ 2*<| 


-376 
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electrical specifications (at 25^C unless otherwise noted) 


i O.C. Current Gam* 

I D.C. Current Gain* 

I Collectcr Saturation Voltage* 
Base Emmer Voltage* 

; Col. £m. Breakdown Voltage*^ 

I 

Col. Em. Breakdown Voltage *3 
Collector Cutoff Current 
I Collector Cutoff Current 
‘ Col. Cutoff Current ® 150'^C 

I 

I Emitter Cutoff Current 
} Gam Sandwith Product (Typ.) 
i Collector Capacitance 


cYMnni 

PT 3522 

PT-3523 

UNIT 

TEST 

O f nnowW 

MIN. 

MAX, 

MIN. 

MAX. 


CONDITIONS 


10 

50 

10 

50 

- 

lj.»50A, V(.g-5V 

►’FE 

5 

* 

5 


- 

IC-30A. V^g-SV 

''C£(sat» 

- 

0.6 

* 

0.6 

V 

l^»50A, lg“5A 

''be 

- 

1.5 

- 

1.5 

V 

Iq» 60A, V(-g-5V 

''CEO(su$> 

325 

* 

- 

■ 

V 

lQ»50mA, lg*0 

''CEO(sus) i 


- 

400 


V 

Iq^SOitiA. lg"0 

'C80 

- 

2 

- 

- i 

mA 

Vcg-400V, lgg-0 

'C80 

! - 

' - 

- 

2 i 

mA 

: Vcg-450V, lgg-0 

'C80 

- i 

20 

1 

- 

1 1 

! { 

mA 

Vcg-250V. Igg-O 

'E30 

- 


I * 

1 5 ' 

i ^ I 

mA 

Vgg-10V,lc8-0 


10 

- ’ 

I 10 

' 

MHz 

Iq-5A, V(-£-10V 

*'3do 

i 

400 

- 

; -^0 ; 

of. 

1 Vj.g»150V, f lOOl 


SwitcMing Speed (Typ.) 


*P'/V^300 us, D.C. ^2% 


measured with pulse 300 ps max., lg*100uA ORIGINAL PAGE lb 

Do Not Use Curve Tracer POOR QUALITY 

















BIG PGWO)' 


HIGH VOLTAGE SILJCOIM NPIM TPAIMSISTOP 


5 mirr. ^90 A I, 


T ?A ® 400V 


SAFE QPERATINCs AREA 


JED6CT0-S3 


PowerTech's transUtoir offer high current capability^ high* breakdown voltage and the lowest ivailabie saturatiorr voltage. 
They have excaotionai resistance to both forward and reverse second breakdown. Thts unioue comdinatiorr of device 
characten sties makes dienr particuiariv suited for a wide variety of high current applications* which include series and 
switching regulators* motor controls, servoaniplifters and power control drcuits. The transistors will provide outstanding 
performance when used as replacements for paralleled lower current devices* resulting in considerable reductions m weight, 
space and circuit complexity* Their reliability is assured through 100% power resting at 50V* 2A ^ 100*^0 case temperature. 
These transistors exceed die requirements of MIL*S^195CQ and are well-suited for the most severe military-aerospaca 
applications. 


ABSOLUTE MAXlMU(Vt RAUNCS 


400V 


Collector-3ase Voltage, Vq 3 Q 
Collector-Emitter Voltage* Vq^q 
E mitter-8a$e Voltage* V^qq 
P eak Collector Current, 

□,C. Collector Current. Iq 
P ower Dissipation at 25^C Case Temperature* Pq 
P ower Dissipation at 100*C Case Temperature, P| 
Operating Junction Temperature Range, Tj 
Storage Temperature Range, T^ 

Package: 

Thermal Resistance 9,^ 


400V 


350W 

200W 

■65 to 200^C 
-65 to 200®C 
TO-63 
.5^ C.'W 


1074 
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DTS-4066 DTS-4074 
DTS-4067 DTS-4075- 

DARLINGTON TRANSISTORS 

Deico BlBCtranics seiviiconductors 

NPN SILICON ! 


GENERAL DESCRIPTION 

The Deico DTS-*066. DTS-4067. DTS-W74 ind 
DTS-4075 ire NPN tnpie iiifused silicon Darlington power 
transistors. Buiit-in resistors are connected between the bases 
and emitters for parameter stability. A speedup sliode is 
connected as shown in figure 5 to improve the switching 
charactenstics of the DTS-^74 and DTS^75. 

The case is hermetically sealed and eiectncaily connected 
to the collector. 

Physical dimensions conform to the standard JED EC 
TO-3 outline. 



ORIGIMAI^ PAGK IS 
OF POOR OUAUlTfl 


ABSOLUTE VIAXIMUM RATINGS 


Collector-emitter voltage (V^eo)— 

Collector cunent, peak (I<^) 

Collector current, continuous (Ic) — 

Base current, continuous ( Iq) — 

Maximum power dissipation ..... ...... 

Maximum operating junction temperature 

Minimum operating junction temperature 

Maximum storage temperature 

Lead temperature 1/16'' r 1/32" from case for 10 seconds.. 


OIMEMSIONS AND 


...600V 




k. 

20A 


5A 

1.1^ 

...lOOW 


T F 

..J50*C 

ij 

.-6rC 

EMITTEB - 1 

..150*C 

r 

^00* C 

1 

Dd 


PO 


^ -A 


SgATlNG 




-aASS 


ELECTHICAL CHARACTERISTICS 


SYM. 

PARAMETER 

TYPE 

CONDITIONS 

MIN. 

MAX. 

UNITS 

to 

> 

Lmitter-oasc 

DTS-4066 

Iebo * 50mA 



V 

EBO 

1 

breakdown voltage 

DTS-4067 

DTS-W74 

DTS-4075 

‘ 

1 

Ie30 * 50mA 

2 


V 

■CEO 

Collector cutoff 

-Ail 

VcE - 600V 


0.25 

mA 

, 

current 


1 

1 





Current gam 

DTS-4066 1 

1 ^CE * ^C * lOA 

'5 





DTS-W74' 

VcE - 5V. Ic « 25A 

5 



; 


DTS-40(j7i 

VcE * 5V, Ic * lOA 
V'cE - 5V, Ic » 25a 

150 



i 

1 


DTS-W'^S* 

10 



VcE 

Collector-emitter 

DTS-1066 1 

Ic - lOA. Ig » O.iA 


10 

V 

(sat) 

1 saturation voiuge i 

1 DTS-4074> 

Ic - :0A. Ig « liA 

1 

3.5 

V 



f DTS-4067, 

Ic » lOA. Ig » 0.5a 


1.5 

V 


1 

i DTS-407Sf 

Ic » :oa. Ig • ;.5a 


10 

V 

; vbe i 

1 1 

Base-enutter 
saturation voltage 

i 

Ic * lOA, Ig *0.5A 


2.3 

1 

V 

'^CEO i 

Sustaining voltage 

All 

Ic • 2.5 a (read it I.OA) 

350 : 

1 

V 

1 (sus) 

i 

i 

L»10mH 

1 1 

1 


i |hf,| 

Small signal, short circuit 

.All 

i Vc3 « lOV, Ic - :00mA 


! 

1 

i 

1 

1 : 

forward current transfer 

i 

if-l.MHz 




1 j 

ratio 

1 

1 

1 

I 




^obo 

Output capacitance 

! AU 

! VcB - lOV, Ig . 0 
if* 1. MHz ■ 

i 1 

:oo 

pf 

t 



* VIEASUREO AT SEATIMG 


s 

V 

VI 

INCHES 

MILUMETERsi 

MIN. 

MAX. 

— 

MIN. 

MAX. 1 

A 

zso 

328 

S.35 , 

^9.33 i 


036 

043 

366 

1.092 1 

po 


.375 


1 22.22 I 

t 

420 

440 

10.87 

11.17 

•1 

»5 

'.Z2S 

5.21 

5.71 I 

1* 

.5m 

.135 1 

1J3 

1«2 1 

L 

410 

^470^ 

10.41 ' 

11.94 1 

pp i 

|.151 ' 


pTsr- 

! 


hilTT^ 

fl.197 


1 30 40 . 

* I 

[ *96 



1 ll33 ' 

?i i 

.131 1 


' 

^*•77 


' 565 ! 

r*fsT 

1 '*.64 

r 17.14 


Deico Eiectronics Division 



JU^E 1376 


General Motors Corporation KoKomo, Indiana 




DbIco Electranics semiconouctors 



THERMAL CHARACTERISTICS 
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DelCQ CiBCtroniCS semiconouctors 


THERMAL CHARACTERISTICS 


Tl\ermai resistance, junction to heat sink 0.75*C/W max. 
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DTS-4067 OTS-4075 
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COLLICTOR 



FIGURE 5 

DARLINGTON SCHEMATIC 


10 




FIGURE 5 

Vcso (su«) test circuit 


FIGURE 7 

VcEO dull OSCILLOSCOPE DISPLAY 


■ 0.5A, Iq2 • 


Ip ■ 10A 


50 


nMJMGIM : —'/vv 


10^ 


jl_ 


5X OUTY 
CYCLE 


IeT. 




l20n 


I 200V 


COMMON EMITTER SWITCHING TIME 
TEST CIRCUIT 


Typical Switching Times: 

Rise rime 
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APPENDIX L 


SINGLE CHANNEL 

POWER ELECTRONICS BREADBOARD TESTS 


This appendix contains Delco document EE-22T-EMA-023 which covers the 
tests which were conducted on the single- channel power electronics 
breadboard. 
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INTRODUCTION 

The single-channel power electronics breadboard circuits are described in 
EE-22-EMA-014. The power circuit utilizes the West inghoiise D60T transistors 
which were chosen for this application on the basis of the tests which were reported 
in EE-22-EMA-022. The single-channel power electronics breadboard was designed to 
operate at a nominal supply voltage of 270 Vdc and provide a motor current of 60 A. 

A number of tests were conducted on the breadboard to evaluate its operation. The 
results of the tests are summarized in the following paragraphs. 


COMMUTATION ANGLE CONTROL 

The commutation angle is selectable by means of a thumbwheel switch on the rotor position 
sensor (RPS) control panel. Photos 1 through .T show the line-to-neutra 1 open-circuit 
motor voltage for phase A (V ^) , and three of the inverter control signals (OAi’ON, 

AIN O O O 

OBPON, and OCPON) , for commutation angles of 0 , .TO , and .S8 . Photo 4 shows the RPS 
position output signal and the waveform. 

Photos 5, 6, 7, and 8 show the effects of commutation angle on the motor phase current 

(I.) and the inverter switch current (!.»,). 

A AN 

TRANSISTOR OPERATION 

Photos 9, 10 and 11 show the base current waveforms of one of the power transistors. 

During tum-on, the base current reaches 16 A in about 600 nanoseconds. During turn- 
off, the reverse base current peaks at 12 A approximately 3 microseconds after turn-off 
is initiated. 


Photos 12, 13, and 14 show both the base-emitter voltage, V„„, and the base current. I , 

DC D 

under typical operating conditions. At tum-on, the base is quickly driven positive, 
reaching 3 V in approximately 200 nanoseconds and stabilizing at approximately 1.2 V. 
Similarly, turn-off is achieved by rapidly reverse-biasing the base-emitter junction. 


Vgg then stabilizes at about -8 volts, 
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EIMQINEERIIMG EXHIBIT 


Photo 15 shows the col lector- emitter voltage and base current for one of the motoring 
chopper transistors, QMl. The collector-emitter voltage drops to about 1 volt within 
1.5 microseconds after tum-on is initiated, and 16 A base current is reached in 
about 0.6 microseconds. Photo 16 shows the collector-emitter voltage transient which 
occurs when the chopper transistor is turned off with a motoring current of 40 A. For 
this condition the snubber limits the ring-up to about 50 V. In photo 17, a similar 
transient for a 50 A motoring current shows the transient collector-emitter voltage 
exceeding the supply voltage by about 60 V. The peak voltage is reached in approximately 
2 microseconds. 


MOTORING WAVEFORMS 

Photos 18 through 23 show a series of waveforms for nominal motor currents ranging from 
10 A to 60 A. The upper trac; is the current in phase C of the motor (I^). The control 
signal for the motoring choppers (QMON) is shown next, followed by the current through 
the return diode which couples the inverter back to the power source. The bottom 

trace shows the current in the current source inductor (I^^). 


In Photo 18, the nominal motor current is 10 A, and the motoring chopper is on for only 
a small fraction of its 500 microsecond period. With a 20 A motor current (Photo 19) 
the chopper period is approximately 250 microseconds and the chopper is on for about 15% 
of the cycle. For a nominal motor current of 30 A (see Photo 20), the chopper period 
is about 220 microseconds, and the chopper is on about 25% of the time. Photo 21 shows 
the waveforms which occur at a motor current of 40 A. For this condition the chopper 
period is about 140 microseconds and the duty cycle is around 30%. In Photo 22 the 
nominal motor current is 50 A, the chopper period is about 120 microseconds and the duty 
cycle is about 40%. 


Photo 23 shows waveforms with a nominal motor current of 60 A. It shoulu oe noted that 
the peak motor current for this condition is about 75 A, and the inductor current indi- 
cates that the incremental inductance of the inductor may have decreased significantly 
due to saturation effects. The chopper switches very rapidly during the peak current 
conditions, and the inductor current changes much more noticeably than the motor current. 
To achieve the nominal 60 A motor currents the peak currents handled by the inverter 
traj'.s istors are on the order of 90 A (the protection circuits were set at 95 A during 
this sequence of tests) . 
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CONCLUSIONS 


'H'e single -channel power electronics breadboard has been successfully operated at full 
voltage and current. The snubbers which are used in the circuit limit the collector- 
emitter voltages to safe values, and the pea'i: cuvrents in the transistors are within the 
capabilities of the devices. The current source inductor shows evidence of saturation 
at the highest current levels, and should be re-designed to handle higher current levels. 
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